




This is the author’s final version of the work, as accepted for publication  
following peer review but without the publisher’s layout or pagination.  






Oluwoye, I., Dlugogorski, B.Z., Gore, J., Oskierski, H.C. and Altarawneh, M. 
(2017) Atmospheric emission of NOx from mining explosives: A critical review. 








Copyright: © 2017 Elsevier Ltd. 




Atmospheric emission of NOx from mining explosives: A critical review





To appear in: Atmospheric Environment
Received Date: 24 May 2017
Revised Date: 30 July 2017
Accepted Date: 2 August 2017
Please cite this article as: Oluwoye, I., Dlugogorski, B.Z., Gore, J., Oskierski, H.C., Altarawneh, M.,
Atmospheric emission of NOx from mining explosives: A critical review, Atmospheric Environment
(2017), doi: 10.1016/j.atmosenv.2017.08.006.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all

















Atmospheric Emission of NOx from Mining 




Ibukun Oluwoye a, Bogdan Z. Dlugogorski a,*, Jeff Gore b, Hans C. Oskierski a,
Mohammednoor Altarawneh a 
 
 
a School of Engineering and Information Technology, Murdoch University 
90 South Street, Murdoch, WA 6150, Australia 
 


























High-energy materials such as emulsions, slurries and ammonium-nitrate fuel-oil (ANFO) 3 
explosives play crucial roles in mining, quarrying, tunnelling and many other infrastructure 4 
activities, because of their excellent transport and blasting properties.  These explosives 5 
engender environmental concerns, due to atmospheric pollution caused by emission of dust 6 
and nitrogen oxides (NOx) from blasts, the latter characterised by the averag  emission factor 7 
of  5 kg (t AN explosive)-1.  This first-of-its-kind review provides a concise lit rature account 8 
of the formation of NOx during blasting of AN-based explosives, employed in surface 9 
operations.  We estimate the total NOx emission rate from AN-based explosives as 0.05 Tg 10 
(i.e., 5×104 t) N per annum, compared to the total global annual anthropogenic NOx emissions 11 
of 41.3×106 t N y-1.  Although minor in the global sense, the large loca ised plumes from 12 
blasting exhibit high NOx concentration (500 ppm) exceeding up to 3000 times the 13 
international standards.  This emission has profound consequences at mining sites and for 14 
adjacent atmospheric environment, necessitating expensive management of exclusion zones.  15 
The review describes different types of AN energetic materials for civilian applications, and 16 
summarises the essential properties and terminologies pertaining to their use.  Furthermore, 17 
we recapitulate the mechanisms that lead to the formation of the reactive nitrogen species in 18 
blasting of AN-based explosives, review their implicat ons to atmospheric air pollution, and 19 
compare the mechanisms with those experienced in other thermal and combustion operations.  20 
We also examine the mitigation approaches, including guidelines and operational-control 21 
measures.  The review discusses the abatement technologies such as the formulation of new 22 
explosive mixtures, comprising secondary fuels, spin traps and other additives, in light of 23 















problems, identifying possible future developments and their impacts on the environment 25 
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1. Introduction:  Mining and its environmental impact 34 
 35 
1.1. Mining  36 
 37 
High-energy-density materials (HEDMs) have revolutinised the world’s mining, 38 
infrastructure and aviation industries.  These materials generally consist of explosives, 39 
propellants and pyrotechnics.  They generate high temperature and pressure via complex 40 
combustion phenomena involving physicochemical phase changes, complemented by rapid 41 
exothermic reactions (Agrawal, 2010; Klapötke, 2007; Kubota, 2002).  Technically, the term 42 
“explosion” defines a sudden release of energy confined in (but not limited to) HEDMs, 43 
accompanied by dramatic discharge of expanding gases (Fordham, 1966) that enables 44 
impacting work done on the surroundings. 45 
 46 
HEDMs fall into two broad categories, namely, the low and the high explosives.  The salient 47 
features entrenched in this classification include th reaction velocities and pressures 48 
achieved during the combustion processes (Akhavan, 2011; Kubota, 2002).  Low explosives, 49 
otherwise known as fast-burning or deflagrating substances, burn in a regular but less 50 
shattering manner, while exhibiting relatively low reaction velocities between 0.01 – 400 m s-51 
1, and bar-range pressures.  Typical examples of low explosives comprise black powders, 52 
smokeless powders, propellants and pyrotechnic mixtures.  On the contrary, high explosives 53 
demonstrate superior rates of reaction, i.e., velocity of detonation (VOD) ranging from 1000 54 
– 9000 m s-1, as well as higher pressure of explosion.  High explosives generate supersonic 55 
detonation waves, designed to perform useful work on the surrounding rocks.  The sensitivity 56 
of high explosives to detonation serves as a convenient criterion to subdivide them into three 57 
















(i) Primary high explosives (primers) represent extremely s nsitive materials that easily 60 
explode with the application of shock, spark, fire, friction, impact and heat.  They 61 
remain dangerous to handle and find use in comparatively small quantities in primers, 62 
detonators and percussion caps.  Examples of primary high explosives include 63 
mercury fulminate, lead azide, lead styphnate, silver azide, tetrazene, and 64 
diazodinitrophenol. 65 
 66 
(ii)  Secondary high explosives (base explosives) display relative insensitivity to 67 
mechanical shock, friction or flame, but shock waves of primary explosives in 68 
detonators can set them off.  Common examples comprise nitroglycerine, dynamite, 69 
nitroglycol, nitromethane, pentaerythritol-tetranitrate (PETN), TNT, RDX, and HMX.  70 
Dynamite constitutes mostly liquid nitroglycerine absorbed onto a porous solid 71 
material such as diatomaceous earth, rendering it rela ively safer for transportation 72 
and operational handling as compared to pure nitroglycerine.  PETN serves as a 73 
benchmark for classifying explosives, i.e., explosive  that exceed the sensitivity of 74 
PETN are usually considered as primary explosives. 75 
 76 
(iii)  Tertiary high explosives (blasting agents) exhibit the least sensitivity.  They cannot 77 
reliably detonate by application of practical quantities of primary explosive, requiring 78 
a booster of secondary explosives.  This class consists of oxidisers such as ammonium 79 
nitrate (AN), ammonium perchlorate (AP), ammonium dinitramide (ADN), etc., and 80 
their corresponding fuel-composite mixtures. 81 
 82 
Tertiary high explosives excel other high explosive for their stability, demanding more 83 















displacement of earth crusts, structural demolitions a d building implosions, spanning large-85 
scale mineral extraction, quarrying, tunnelling, and many other construction operations.  AN-86 
based blasting agents display desirable compromise between production, handling, safety, 87 
economic, and performance characteristics as compared to nitrated hydrocarbon compounds, 88 
i.e., molecular explosives. 89 
 90 
AN-fused high energy products include emulsions, slurries and ammonium-nitrate-fuel-oil 91 
(ANFO) mixtures.  Owing to their excellent transport and blasting properties, they represent 92 
nearly 90 % of the total explosives employed worldwide in the civilian sector (Mahadevan, 93 
2013).  A mixture of a well-balanced bulk ANFO usually consists of 5.7 wt. % fuel oil in an 94 
oxidising AN matrix, whereas, formulations of emulsion and slurry explosives consist of 95 
additional components that improve the contact betwe n the oxidising salt and the fuel, and 96 
sensitise these materials.  For instance, emulsion explosives contain droplets of 97 
supersaturated aqueous phase of AN dispersed in continu us oil phase (a mixture of fuel and 98 
emulsifier).  The literature (Mahadevan, 2013; Oommen and Jain, 1999; Oxley et al., 2002; 99 
Sudweeks, 1985) provides further information on thecomposition, manufacturing and 100 
underlying properties of these materials.  Volatile oils give the greatest sensitivity towards the 101 
reaction.  However, petroleum fractions with low flash points pose hazards.  Therefore, the 102 
optimum choice incorporates fuel oils similar to those used in diesel engines, i.e., No 2 103 
distillate fuel oil or biodiesel.  As seen by comparing the exothermicity of overall Equations 104 
(1) and (2), the fuel component of AN explosives increases their energy density (Attalla et al., 105 
2008; Mahadevan, 2013). 106 
 107 
NH4NO3 → N2(g) + 2H2O + ½O2(g), ∆Hr = -1440 kJ kg
-1 (1) 

















Heating of solid ammonium nitrate from room temperature proceeds through three 109 
recrystallisation phase changes leading to melting at around 169 °C and subsequent 110 
evaporative decomposition, usually completed by 300°C, in laboratory studies involving 111 
thermogravimetric analysers, depending on sample size and heating rate.  Unlike other solid 112 
explosives (Beckstead et al., 2007), the elementary reactions associated with the evaporative 113 
decomposition of ammonium nitrate remain incompletely understood, but appear to advance 114 
initially both by ionic and radical mechanisms in the condensed phase (Izato and Miyake, 115 
2015).  In comparison, the ensuing gas-phase reactions attracted considerable research 116 
interest that has led to adequate grasp of their behaviour.  The only comprehensive, but still a 117 
semi-detailed model of reactions in condensed phase of Skarlis et al. (2014) relies entirely on 118 
ionic reactions in the condensed phase that evolve H2O, N2, N2O, NO, NO2, as well NH3 and 119 
HNO3 into the gas phase, where further oxidation processes take place.   120 
 121 
Several research groups have extensively studied thse gas-phase processes, developing 122 
effective kinetic schemes to describe them (Ermolin, 2004; Lucassen et al., 2011; Mendiara 123 
and Glarborg, 2009; Musin and Lin, 1998; Park et al., 2010).  Thus, the formation of NOx 124 
depends both on rates of condensed and gas-phase reactions that are function of temperature, 125 
pressure, and confinement.  Confinement prevents the removal of evolved gases, resulting in 126 
increased pressure that accelerates the explosion process.  Fundamentally, the increase in 127 
pressure (as a result of confinement) allows radical gas-phase reactions to occur in the 128 
vicinity of decomposing condensed phase (Beckstead et l., 2007; Yang et al., 2005; Ermolin, 129 
2004).  This increases the local concentration of radicals and speeds up the reactions 130 
(Oommen and Jain, 1999; Park and Lin, 2009).  Although the imposed heating rates and 131 
particle sizes do not enter explicitly into the Arrhenius expressions of elementary reactions, 132 
they define the temperature history experienced of the reacting systems, and hence affect the 133 















transfer constraints that affect the reaction pathwys.  Finally, catalysts, such as chlorides or 135 
pyrite can significantly modify the reaction mechanisms, both in condensed and gas phases, 136 
usually accelerating the decomposition of ammonium nitrate and increasing the NOx emission 137 
(MacNeil et al., 1997; Izato and Miyake, 2015; Priyananda et al., 2015; Xu et al., 2015).   138 
 139 
Global (or overall) Equations (1) and (2) summarise a number of elementary steps that 140 
underpin each of these reactions.  In the text of this article, we use the right-headed arrows in 141 
the equations to stress their irreversibility.  If a practical explosive formulation deviates from 142 
the stoichiometric requirements defined by Equation (2), the resulting fuel rich and lean fuel 143 
conditions lead to redox processes described in Equations (3) and (4), respectively. 144 
 145 
2NH4NO3(s) + CH2 → 2N2(g) + CO(g) + 5H2O, ∆Hr = -3400 kJ kg
-1 (3) 
5NH4NO3(s) + CH2 → 4N2(g) + CO2(g) + 11H2O + 2NO, ∆Hr = -2500 kJ kg
-1 (4) 
 146 
Unbalanced stoichiometric reactions (e.g., due to wet ground) and different compositions of 147 
mineral deposits results in noxious footprint of ammonium nitrate explosives.  For instance, 148 
in open-cast mining, observations reveal that, the post-blast plume can harbour more than 500 149 
parts per million (ppm) of nitrogen oxides (NOx) (Attalla et al., 2007; Attalla et al., 2008; 150 
McCray, 2016), consisting mainly of nitric oxide (NO), which subsequently undergoes 151 
atmospheric oxidation to form nitrogen dioxide (NO2) according to overall Equation (5). 152 
 153 
2NO(g) + O2(g) → 2NO2(g), ∆Hr = -57 kJ mol
-1 (5) 
 154 
Orange-hue post-blast fumes indicate the presence of NO2.  Clouds of NOx from the 155 
detonation sites do not dissipate rapidly, and may drift outside mine boundaries into 156 















Managing exclusion zones by industry adds to the cost of mine operations.  The average 158 
emission of NOx from blasts scales up to 5 kg (t AN explosive)
 -1 (DEE, 2016; Rowland and 159 
Mainiero, 2000; Rowland et al., 2001; Sapko et al., 2002; Weng et al., 2012).  The resulting 160 
plumes of NOx pollute the atmospheric environment at mining sites, disrupting production 161 
operation, and drifting across mine boundaries to adjacent rural areas, necessitating costly 162 
maintenance of exclusion zones.  163 
 164 
This critical review presents a comprehensive summary of the influence of mining activities 165 
on atmospheric chemistry.  We commence by introducing the main environmental impacts of 166 
mining, and then provide a critical evaluation of mechanisms of NOx formation.  The review 167 
offers a balanced explanation on the contribution of AN explosives to anthropogenic NOx 168 
formation as generalised in Figure 1, emphasising the relevant abatement technologies.  From 169 
this perspective, the review informs researchers and engineers across germane environmental 170 
disciplines and interested citizens on how to tackle unconfined NOx emissions with best-171 
practice technologies.  172 
 173 
Figure 1. 174 
 175 
 176 
1.2 Environmental impacts of mining 177 
 178 
In the following, the overall impact of mining on the environment is shortly outlined to set 179 
the scene for subsequent discussion: 180 
 181 
(i) Typical air contamination:  This category includes the emission of harmful gases, 182 















Abdul-Karim et al., 2014; Anderson et al., 2012; Aneja et al., 2012; Bian et al., 2010; 184 
Csavina et al., 2012; DEE, 2016; Donoghue, 2004; English and Luo, 2001; Gautam et 185 
al., 2012; Huertas et al., 2012a; Huertas et al., 2012b; Kissell, 2003; Petavratzi et al., 186 
2005; Sánchez Bisquert et al., 2017).  The major gaseous load from mining activities 187 
corresponds to NOx, sulfur oxides, carbon oxides, photochemical oxidants, volatile 188 
organic compounds (VOCs) and methane (Attalla et al., 2008; Bian et al., 2010; Day 189 
et al., 2010; DEE, 2016; Harris and Mainiero, 2008; Mainiero et al., 2007; Reisen et 190 
al., 2017; Saari et al., 2016; Su et al., 2011).  Overall, these emissions originate from 191 
either mobile, stationary or fugitive sources.  The mobile sources involve vehicles and 192 
excavation equipment with on-board abatement techniques, such as catalytic 193 
converters.  Stationary sources comprise large operations such as drying, roasting and 194 
smelting that allow post-activity emission treatments, whereas fugitive emissions 195 
result from rapid activities such as blasting and wind erosion preventing the gas clean-196 
up by venting technologies (Arpacıoğlu and Er, 2003; Darcovich et al., 1997; ELAW, 197 
2010; Jain et al., 2015; Lashgari et al., 2013).  As further shown in this review, the 198 
atmospheric emission of NOx contributes to serious environmental issues such as 199 
greenhouse effect, stratospheric ozone depletion, photochemical smog, ground-level 200 
ozone, and health deterioration of susceptible organisms.   201 
 202 
(ii)  Water resources impact:  The environmental influence of mining on water resources 203 
embodies quantity- and quality-related issues.  The former refers to drop and 204 
alteration in groundwater table (Bian et al., 2010).  High water consumption in mining 205 
processes results in shortage of local water supplies (Jain et al., 2012; Jain et al., 206 
2015; Maupin et al., 2014).  In the interest of public concerns for aquatic life, the 207 
quality of ground and surface water deteriorates as a result of suspended solids, 208 















acidic mine discharge (AMD, formed when pyrite (FeS2) reacts with oxygen present 210 
in water and air to produce sulfuric acid and dissolved iron) (Bian et al., 2010; 211 
ELAW, 2010; Jennings et al., 2008). 212 
 213 
(iii)  Land and soil contamination:  In addition to physical subsidence and topographical 214 
disturbances (Ambrožič and Turk, 2003; Bian et al., 2010; Ge et al., 2007; Jain et al., 215 
2012; Reddish and Whittaker, 2012), mining operations contribute to soil 216 
contamination via chemical channels (Mariet et al.,2016; Wuana and Okieimen, 217 
2011).   The common contaminants include heavy metals and inorganic ions that can 218 
persist long after mine remediation (Dong et al., 2015; Li et al., 2014; Otones et al., 219 
2011; Wuana and Okieimen, 2011).  Other environmental pathways operate through 220 
atmospheric deposition to affect the soil and water quality.  The aftermaths of soil 221 
pollution disturb the biological food chain, progressing from absorption of pollutants 222 
by plants to ingestion of plant material by individual organisms. 223 
 224 
(iv) Miscellaneous issues: Other significant impact of mining includes thermally-related 225 
losses, waste treatment and disposal, ecological imbalance, noise and vibration 226 
pollution, resettlements, habitat loss and fragmentation, and economic waves (Barber 227 
et al., 2010; Bian et al., 2010; ELAW, 2010; Jain et al., 2012; Jain et al., 2015; 228 
Rodríguez-Estival et al., 2012; Turcotte et al., 2003; Vasović et al., 2014). 229 
 230 
Blasting activities result in formation of dust, primary particles and gaseous (basically NOx) 231 
emissions.  The air quality remains highly vulnerable as, unlike water or soil, practical 232 
considerations prevent reprocessing of atmospheric ai  mixtures (Jain et al., 2012).  For 233 















air prevents its effective capturing, scrubbing, trea ment and/or reprocessing.  Hence, post-235 
blast fumes require adequate on-site control measurs to reduce their negative impacts on the 236 
surrounding communities and the environment.  The rec nt growth of mining industries, and 237 
continuous shift from underground mining to open-pit excavations have exacerbated the fume 238 
hazards.  Other activities in mining operations also contribute to the formation of NOx 239 
species, however, this review focuses on emissions pertinent to direct use of AN explosives. 240 
 241 
 242 
2. Overview of global NOx formation 243 
 244 
On a global scale, reactive nitrogen (Nr) species arise from various human-related activities 245 
and natural terrestrial processes (Davidson and Kingerlee, 1997; Dentener et al., 2006; 246 
Galloway et al., 2003; Galloway et al., 2004; Kurvits and Marta, 1998; Molina-Herrera et al., 247 
2017; Sutton et al., 2000; Wang et al., 2009; Zhang et al., 2000).  Figure 2 demonstrates the 248 
speciation, environmental interactions and global sources of NOx (Nelson, 2006; Seinfeld and 249 
Pandis, 2006; Stocker et al., 2014; Vuuren et al., 2011; Altarawneh and Dlugogorski, 2012).  250 
The major Nr species comprise NOx, ammonia, ammonium, nitrous oxide, nitrate and nitric 251 
compounds.  Atmospheric NOx contributes substantially (nearly half) to the overall balance 252 
of Nr species, by trailing only the emission of ammonia.  Also, Nr accumulates in the 253 
environment as a result of higher emission rates, relatively to denitrification to nonreactive N2 254 
(Stocker et al., 2014).   255 
 256 
Figure 2. 257 
 258 















2.1 Anthropogenic NOx emissions and their global atmospheric budget 260 
 261 
Of all the sources of anthropogenic NOx, combustion of fossil fuels induces the most 262 
emission, mainly due to the constituent nitrogenous heterocyclic species in the fuel structure 263 
(Leppalahti and Koljonen, 1995; Souri et al., 2016; Thomas, 1997).  During combustion 264 
processes, NOx and its precursors arise via the four routes: (a) the thermal process involving 265 
the Zeldovich reaction between atmospheric nitrogen and oxygen as a result of high 266 
combustion temperature (above 1500 °C) (Baird and Cann, 2008; Glarborg et al., 2003; 267 
Zeldovich, 1946); (b) the fuel-N channel arising from oxidation of nitrogen compounds 268 
chemically bounded within the organic matter of fuels.  This corridor generates about 80 % of 269 
NOx emission in pulverised solid fuel combustion (Gil, 2012; Glarborg et al., 2003; Goel et 270 
al., 1994; Hill and Smoot, 2000; Miller and Bowman, 1989); (c) the prompt process 271 
characterising the reaction of atmospheric nitrogen with hydrocarbon radicals to form NOx 272 
precursors via a series of gas-phase reactions (Glarborg et al., 2003); (d) the heterogeneous 273 
route occurring as the result of the reactions of solid carbonaceous substance, i.e., char 274 
remaining after devolatilisation (Hill and Smoot, 2000; Leppalahti and Koljonen, 1995).  The 275 
net amount of NOx formed from heterogeneous reactions depends on the intrinsic reactivity 276 
and the internal surface area of the char, as well as charring conditions (Hill and Smoot, 277 
2000; Shimizu et al., 1992; Wanxing and Thomas, 1992).  In addition, the moderate nitrogen 278 
content of biofuels and lower temperature of biofuel combustion (in comparison to fossil-fuel 279 
combustion) decrease the release of NOx species in biomass firing (Glarborg et al., 2003; Hill 280 
and Smoot, 2000; Kohse-Höinghaus et al., 2010; Ren and Zhao, 2012, 2015).  Other human-281 
related emission sources include agricultural activities, emission of NH3 in chemical industry 282 
(e.g. from the Haber-Bosch process) and use of nitrate oxidisers in aviation, infrastructure 283 
















The pollutant release and transfer registers implemented since the 1990s in all OECD 286 
countries (OECD, 2015) do not provide estimates of the contribution of NOx from blasting to 287 
the total anthropogenic emission of this gas.  For example, the Australian National Pollutant 288 
Inventory (NPI) reports combined emission of NOx from all activities at each mining facility, 289 
focussing on the amount of each pollutant rather than on establishing links between the 290 
amounts and the underlying discharge mechanisms (DEE, 2016; Weng et al., 2012).  This is 291 
not a satisfactory situation.  The increasingly preval nt open cut mines in Australia move 292 
large amount of overburden, an effort that tends to govern the NOx footprint of each mine.  293 
An additional, somewhat intractable, problem lies with the estimation approach itself that 294 
assumes emission factors that do not account for episodes of large discharge of NOx fumes 295 
from blasting.  For this reason, in this article we adopt an average yield of NOx emission of 5 296 
kg (t AN explosive)-1 (DEE, 2016; Rowland and Mainiero, 2000; Rowland et al., 2001; 297 
Sapko et al., 2002; Weng et al., 2012), as a first-o der conservative approximation, and 298 
consider the global annual (for the year 2016) AN production of 58.2 million tonnes (MRC, 299 
2014), of which 35 % are deployed in the explosive industry (IHS, 2016), to arrive at a global 300 
annual emission of approximately 0.1 Tg y-1 of NO (i.e. 0.05 Tg N y-1, or 5×104 t N y-1) 301 
generated as a result of mining-related blasting.  Although small in comparison to the total 302 
emissions of anthropogenic NOx from all sources that correspond to 41.2×10
6 t N y-1 (cf. 303 
Figure 2), NOx discharge from blasting AN explosives comprises large localised plumes of 304 
NOx that have the capacity to inflict fatalities (Madden, 2011).  However, these numbers 305 
indicate that blasting represents an insignificant contribution to the environmental inventory 306 
of this pollutant. 307 
 308 















2.2 NOx in mining workplaces: Processes and health effects  310 
 311 
2.2.1. Local atmospheric environment 312 
 313 
Emission of NOx during the use of AN explosives contaminates the local atmospheric 314 
environment of mining sites.  Assessing the amount f NOx produced from a blast depends on 315 
the relative position (distance and angle) of the observer and the prevailing weather 316 
conditions (DEEDI, 2011).  The Australian Explosive Industry and Safety Group (AEISG) 317 
has developed a viable qualitative chart (AEISG, 2011), as seen in Table 1, to rate the post-318 
blast NOx (typically NO2) on a simple scale of 0 to 5, but without linking the fume 319 
appearance to NOx concentration. 320 
 321 
Table 1. 322 
 323 
The resulting cloud of NO2 (Table 1) persists in the atmosphere, frequently drifting to 324 
populated (although predominantly rural) areas around mining sites.  Relatively to the 325 
background (ambient) Air Quality Standard suggested by the World Health Organisation 326 
(WHO, 2006), the NOx emission significantly exceeds the pollution limits (see below).  In 327 
light of growth in the demand for mining resources (WEF, 2015), AN blasting agents will 328 
continue contributing to localised emission of NOx, unless explosion companies develop new 329 
intrinsically safe (to NOx emission) explosives.  Future studies should focus on quantitating 330 
the impact of blasting-related NOx on regional atmospheric composition.  Such work will331 
need to incorporate source emission measurements (Table 1) as well as meteorological and 332 
geographical information into dedicated atmospheric pa kages, e.g., AERMOD (Cimorelli et 333 















Ching, 1999), CHIMERE (Menut et al., 2013), GEOS-Chem (Bey et al., 2001), etc. (Leelőssy 335 
et al., 2014), so as to resolve the transport (dispersion) and chemistry models, predicting the 336 
overall influence (on average background seasonal circle) on local air quality (in both spatial 337 
and temporal scales) at various receptor points.   338 
 339 
 340 
2.2.2. Direct NOx health effects 341 
 342 
Accumulation of atmospheric NOx can lead to various environmental and bio-related hazards.  343 
In the context of public health, NOx induces a number of chronic diseases.  Low levels can 344 
irritate eyes, nose, throat and lungs, possibly leading to coughing and bleeding, shortness of 345 
breath, tiredness and nausea, and can also result in temporary build-up of lung fluids.  346 
Exposure to high concentration of NOx can cause pulmonary oedema as well as acquired or 347 
type II methemoglobinemia that exhibits symptoms of rapid burning, spasms and swelling of 348 
tissues in the throat and upper respiratory tract, reduced oxygenation of tissues, build-up of 349 
lung fluids, and possibly death (EPA, 1999; Weng et al., 2012),  The current World Health 350 
Organisation air quality guidelines for NO2 allow one hour-level safe limit of 200 µg m
-3 351 
(1.88 µg m-3 of NO2 = 1 parts per billion), and an annual average of 40 µg m
-3 (WHO, 2006).  352 
However, typical concentrations of NOx in post-blast clouds (with a volume of about 1.2 × 353 
106 m3) can reach between 5.6 to 580 ppm (Attalla et al., 2007; Attalla et al., 2008; McCray, 354 
2016), exceeding the safe limits by around 30 to 3000 times.  Dispersion of the plume can 355 
take up to 600 s depending on the meteorological and geographical inputs.  Exposure of 356 
humans and wildlife to these high concentrations can le d to injuries (McCray, 2016) and 357 































2.2.3. Atmospheric NOx processing and the consequential health impacts 361 
 362 
The chemical reactivity of NOx in the presence of other atmospheric substances produces 363 
secondary pollutants.  For instance, ground-level ozone, abundant in photochemical smog, 364 
arises as a result of chemical interaction of NOx with reactive hydrocarbons and other volatile 365 
organic compounds (VOC), in a process facilitated by heat and sunlight (Baird and Cann, 366 
2008; Atkinson, 1997; Atkinson et al., 2004; Jaffe and Wigder, 2012).  Likewise, oxidation of 367 
NOx contributes to atmospheric formation of nitrate aerosols (Bauer et al., 2007; Deng et al., 368 
2017; Gibson et al., 2006; Orel and Seinfeld, 1977; Rubasinghege and Grassian, 2009; 369 
Stocker et al., 2014), and notably, the mineral particles and fugitive dust synchronously 370 
present in post-blast fumes easily facilitate such reactions.  Concerns about effects on human 371 
health include damage of lung tissue and dysfunctio of respiratory system, such as 372 
emphysema and bronchitis.  Furthermore, dissolved N in the form of nitrate species in 373 
groundwater has negative impact on human health (Fan and Steinberg, 1996; Moorcroft et al., 374 
2001; Stocker et al., 2014).  The potential sources of dissolved N in open pit blasting include 375 
spillage of emulsion explosives, incomplete detonati  (GA, 2008; Karlsson and Kauppila, 376 
2016) and atmospheric processing of NOx.  Typical examples of high concentration of 377 
nitrogen in local mine waters include 9 – 36 mg L-1 at 70 – 95 % NO3
– (Jermakka et al., 378 
2015), 21 – 58 mg L-1 of NO3
– (Bosman, 2009), and 3 mg L-1 of NO3
– and NO2
– (Ogle et al., 379 
2011).  Short-term exposure to nitrate in drinking water (contaminated by groundwater) at 380 
levels above the health standard of 10 mg L-1 nitrate-N remains a potential health problem, 381 
primarily for infants and people previously subjected to kidney dialysis treatment.  In the 382 
human body, NO3
– converts into nitrite, which can cause methemoglobinemia by interfering 383 
with the ability of haemoglobin to take up O2.  Most cases of methemoglobinemia occur after 384 
consuming water with high concentrations of NO3
– (Follett and Follett, 2001).  Other health 385 















reproductive risks, alteration of thyroid metabolism, and cancers induced by conversion of 387 
NO3
– to N nitroso compounds (especially to nitrosamine, under certain conditions of gastric 388 
achlorhydria in the oral cavity, bowel or bladder) in the body (Galloway et al., 2003; 389 
Galloway et al., 2008; Morales-Suarez-Varela et al., 1995). 390 
 391 
 392 
2.2.4. Impact to ecosystems 393 
 394 
With respect to impact on ecosystems, the wet (e.g., acid rain) and dry deposition of NOx 395 
increase the nitrogen contents in the soil and terrestrial water bodies.  This leads to eco-396 
eutrophication and depletion of aquatic oxygen (hypoxia), as well as to rare anoxic conditions 397 
(anoxic conditions refer to severe hypoxia).  An excessive level of these conditions affects 398 
marine life, causes leaf and root damage, and contributes to soil and water acidity (ELAW, 399 
2010; EPA, 1999; Weng et al., 2012).  Other environme tal impact of NOx includes 400 
stratospheric ozone depletion and corrosive effects of acid rain on life and property. 401 
 402 
 403 
3. Mechanisms of NOx formation during use of AN explosives 404 
 405 
Three distinct mechanistic pathways generate NOx during blasting of AN agents in various 406 
mining, civilian and infrastructural activities, as explored in the following sections; i.e., 407 
stoichiometrically unbalanced blasting, deflagration f AN prills and gassing of emulsion 408 

















3.1 Stoichiometrically unbalanced blasting 412 
 413 
The following general reaction (Cook and Talbot, 195 ) balances the chemical species 414 
appearing in the blasting process: 415 
 416 
(3x + 1)NH4NO3 + CxH(2x+2) → (3x + 1)N2 + (7x + 3)H2O + xCO2 (6) 
 417 
Equations 7 and 8 recast Equation 6 for the fuel oil and carbon residue, respectively, the two 418 
most common fuels comprised in the emulsion.  In geeral, however, the fuel could be 419 
carbon-based (Cook and Talbot, 1951; Mahadevan, 2013; Nazarian and Presser, 2016) or 420 
nonconventional, depending on fuel availability (Attalla et al., 2008; Hurley et al., 2010; 421 
Meyers and Shanley, 1990; Resende and Lima, 2014). 422 
 423 
3NH4NO3 + CH2 → 3N2 + CO2 + 7H2O (7) 
2NH4NO3 + C → 2N2 + CO2 + 4H2O (8) 
 424 
Alterations in bulk material composition, wicking of fuel content (i.e., removal of fuel by 425 
capillary suction of the surrounding rock), as well as intricacies of geological conditions such 426 
as moisture in blast hole (wet blast condition) andthe presence of mineral matter prompt the 427 
formation of CO and NO.  Manufacturers and end users often employ a characteristic 428 
property called “oxygen balance” (OB) to describe th reaction stoichiometry.  The OB value 429 
of the constituent component of an explosive mixture expresses the amount of oxygen atom, 430 
in mass fraction unit (i.e., g O (g compound)-1), in excess or deficiency with respect to 431 
stoichiometry.  It is calculated according to Equation 9 (Cooper, 1996), with an inclusion of 432 





















where MW refers to the molecular weight in g mol-1 of a compound (e.g., 80 g mol-1 for 436 
NH4NO3), the symbols O, C and H correspond to the number of oxygen, carbon and 437 
hydrogen atoms, respectively, and M denotes the number of atoms of metal which is 438 
converted into metallic monoxide, MO.  A well-formulated commercial explosive must 439 
maintain an OB value close to zero.  For example in ANFO mixture, AN has an OB of +0.20 440 
(=16 × (3-1/2×4)/80), while the fuel oil retains a unit of –3.4 (=16 × (0-2×1-1/2×2)/14).  441 
Hence, the optimised ratio of ANFO for a fully balanced bulk formulation corresponds to 442 
94.3/5.7 (solve for x, the mass fraction of AN, x×0.2-(1-x)×3.4=0, x=0.943).  OB influences 443 




2NH4NO3 + CH2 → 2N2 + CO + 5H2O (10) 
+OB 
(lean fuel) 
5NH4NO3 + CH2 → 4N2 + CO2 + 11H2O + 2NO (11) 
 446 
The NO gas oxidises rapidly in the atmosphere (via Re ction 12 with a rate constant of 2.08 × 447 
10-38 cm6 molecules-2 s-1 at 25 °C) (Baulch, 1972; Mainiero et al., 2006) into orange-coloured 448 
NO2, a relatively stable species that exists in equilibrium with its colourless linear dimer, 449 
N2O4.  The equilibrium constant for Reaction 13 amounts to 7.2 × 10
-5 Pa-1 at T = 25 °C (Hall 450 
and Blacet, 1952).  Thermodynamic calculations with presently-accepted values of the Gibbs 451 
free energy for NO2 and N2O4 set this equilibrium constant at 5.9 × 10
-5 Pa-1.  This means 452 
that, the thermodynamics define the large preference of NO2 over N2O4, with an approximate 453 
















2NO + O2 → 2NO2 (12) 
2NO2 ⇌	O2N–NO2 (13) 
 456 
Figure 3 illustrates the effect of OB, fuel content a d moisture on NOx formation from typical 457 
ANFO blends.  The literature also provides information on the aspect of other parameters 458 
such as degree of confinement and emulsion additives (Onederra et al., 2012; Rowland et al., 459 
2001).  460 
 461 
Figure 3. 462 
 463 
Furthermore, as shown in Figure 4a, the interaction of fuel with AN under fuel-lean 464 
conditions leads to NOx species via the nitrous acid, nitro- and nitroso-hydrocarbon 465 
intermediates.  According to Oxley and co-workers, the NO2 generated during thermolysis of 466 
AN reacts with the fuel content, producing additional NO (Oxley et al., 1989). 467 
 468 
Figure 4. 469 
 470 
 471 
3.2 Deflagration of AN prills  472 
 473 
Deflagration occurs during blasting of AN explosives when the fuel content is insufficient for 474 
a complete chemical reaction, and as a result, the AN prill provides a nitrogen based fuel 475 
source (Onederra et al., 2012).  This condition also rises as a consequence of fuel deficiency 476 
and/or mixture inhomogeneity due to inadequate integration of ANFO.  Literature 477 
comprehensively reviews the properties of AN, especially those relevant to its use in 478 















Oommen and Jain, 1999).  Although various modes of decomposition chemistry of AN have 480 
been postulated (Kołaczkowski, 1980; Mahadevan, 2013; Oommen and Jain, 1999), the 481 
complete mechanism remains poorly understood.  The current consensus of opinion explains 482 
the thermal decomposition of solid AN to proceed by two channels in the condensed phase, 483 
ionic and radical.  Species that leave the condensed phase participate in further radical 484 
reactions in the gas phase (Beckstead et al., 2007). 485 
 486 
Except for evaporation of water, during heating, AN remains thermally stable until the 487 
temperature reaches the melting point (around 169 °C).  In the melt, the ionic species react 488 
with each other (Chowdhury and Thynell, 2010).  This begins with an endothermic 489 
dissociation step (Equation 14), followed by decompsition of HNO3 and subsequent 490 
oxidation of NH3 according to Equations 15, 16 and 17, respectively (Izato and Miyake, 491 
2015; Oxley et al., 1989; Oxley et al., 2002; Rosser, 1963; Cagnina et al., 2013; Skarlis et al., 492 
2014).  In practice, the decomposition period depends on the imposed heating rate and 493 
distribution of particle sizes.  Skarlis et al. (2014) provide a broader list of reactions and their 494 
corresponding (fitted) rate parameters in the melt phase. 495 
 496 
NH4NO3 → NH3 + HNO3 (14) 
HNO3	+ HX → NO2+ + H2O + X- 
where HX = NH4
+, HNO3, H3O
+, and others 
(15) 
NH3	+ NO2+ → products (N2O,	H2O) (16) 
NH3 + X
-→ products NO, NO2, H2O (17) 
 497 
The gas-phase mechanism becomes noticeable at higher temperatures, when species 498 















decomposition to form relatively more stable products.  Analysis of the rapid decomposition 500 
(at 4800 °C min-1) products of AN by in situ Fourier transform infrared (FTIR) spectroscopy 501 
identified HNO3 as an intermediate species and revealed the formati n of NO2 alongside N2O 502 
and H2O (Patil et al., 1992; Russell and Brill, 1989).  As HNO3 transforms into the gas phase 503 
(Chaiken, 1959), it experiences a homolysis of the O‒N bond, acting as the chain initiation 504 
reaction as shown in Equation 18 (Izato and Miyake, 2015; Lurie and Lianshen, 2000; Park 505 
and Lin, 2009). 506 
 507 
HNO3 → OH + NO2 (18) 
 508 
The complex gas-phase mechanism propagates via reaction of NH3 with the decomposition 509 
products of HNO3 (from Equation 18), involving H and OH as the key chain carriers, whilst 510 
NHx and NOx (x = 1 – 3) serve as the major participants in the redox process (Bedford and 511 
Thomas, 1972; Ermolin, 2004; Glarborg et al., 1995; Glarborg et al., 1994; Mendiara and 512 
Glarborg, 2009; Park et al., 2010; Park and Lin, 2009).  The principal gas products comprise 513 
NO, NO2, N2O and H2O.  Furthermore, reactions involving NH3, NO, and water form AN 514 





O2 → 3NO2  (19) 
2NO2 + H2O → HNO2 + HNO3	 (20) 
NH3 + HNO3 → NH4NO3 (21) 
 517 
Skarlis et al.’s semi-empirical model combines the condensed- and gas-phase sub-518 
mechanisms (Skarlis et al., 2014).  Predictions from the model concur reasonably well with 519 















thermodynamic considerations govern the decomposition of AN.  This is evident from the 521 
results of experiments and the Skalis et al. model and from the calculations of classical 522 
thermodynamics, say, using the Equilib program in the Chemkin-Pro distribution (R.D., 523 
2013).  In general, the formation of NOx during deflagration of AN prill depends on rates of 524 
condensed and gas-phase reactions that reflect the und rlying conditions of temperature, 525 
heating rates, pressure and confinement.  Figures 4b and 5 portray the simplified mechanism 526 
of NOx formation at moderate heating conditions and the effect of heating rate on nitrogen 527 
selectivity for the product species in the gas phase re pectively. 528 
 529 
Figure 5. 530 
 531 
 532 
3.3 Chemical gassing of emulsion blends 533 
 534 
Sensitisation of emulsion explosives with chemically-generated nitrogen bubbles (~ 400 µm535 
in size) (Turner et al., 1999) can also contribute to mission of NOx.  A typical AN emulsion 536 
explosive involves a concentrated aqueous phase of oxidiser salts, consisting of droplet 10 – 537 
20 µm in diameter, stabilised by an emulsifying agent, comprised in the continuous fuel 538 
phase (Table 2) (Mahadevan, 2013).  In practice, gassing solutions of sodium nitrite (NaNO2) 539 
and acid (e.g. acetic acid) are injected separately into the pumped AN emulsion, during 540 
emulsion pumping into a blast hole.  Once the bubbles grow to their desired size and 541 
emulsion reaches its target density, setting off a booster induces a shock wave that propagates 542 
through the emulsion column, adiabatically compressing the bubbles and providing a large 543 
number of hot spots to engender the explosion. 544 
 545 
















As shown in Figure 4c, generation of N2 bubbles commences with molecular diffusion of 548 
CH3COOH through the oil interface to droplets containing NO2
- anions (da Silva et al., 549 
2006b).  Protonation of NO2
- forms nitrous acid: 550 
 551 
NO2
- 	+	H+	⇌	HONO (22) 
 552 
The nitrous acid diffuses out of sodium nitrite droplet into the emulsion phase with three 553 
possible fates.  It can react with strong nucleophilic species (X-) to from nitrosating agents of 554 
the form ONX (da Silva et al., 2002; Mahadevan, 2013).  The nitrosating agents then attack 555 
amine substrates, such as thiourea, to produce nitrogen gas needed for the generation of hot 556 
spots.  In practice, pH of the aqueous phase (see below) is set low enough to avoid 557 
deprotonating NH4
+ and preventing the release of ammonia.  This limits the availability of 558 
NH3 as substrate for N2 formation. 559 
 560 
HONO	+	X-	+	H+	⇌	ONX	+	H2O (23) 
ONX + SCNH22 → N2 + SCN- + X-+ 2H+ + H2O (24) 
 561 
The nitrosating agent (ONX) can also decompose to form nitric oxide.  For example, when 562 
thiocyanate functions as a nucleophilic agent, nitrosyl thiocyanate (ONSCN) is formed as the 563 
resulting nitrosating agent.  Other types of sulfur-bound amine substrates include 564 
aminothiones and thioacetamide (Dorado et al., 2015a, 2015b).  The unstable ONSCN 565 



















In addition, SCN- reacts with ONSCN to form NO according to the following reaction 569 
(Rayson et al., 2011): 570 
 571 
ONSCN	+	SCN-	→	NO	+	SCN2- 		 (27) 
 572 
Without nucleophilic species, nitrous acid follows the second fate to produce nitrosating 573 
agent, dinitrogen trioxide (N2O3), under relatively mild acidic conditions (pH range ≈ 4-6) as 574 
a product of reaction of nitrous acid with nitrite ion (da Silva et al., 2007).  Dinitrogen 575 
trioxide represents the nitrosating agent that operates in practical emulsion explosives.   576 
 577 
HONO	+	NO2- 	+	H+	⇌	N2O3		+	H2O (28) 
 578 
The third fate operates at high rate under acidic conditions, at pH of 2 and below, where 579 
nitrous acid decomposes rapidly to form NOx via side Reaction 29: 580 
 581 
2HONO ⇌	NO	+	NO2	+	H2O (29) 
 582 
As nitrosation (gassing) reactions accelerate at low pH, the dosing systems must include 583 
devices that prevent intentional (but undesirable) addition of extra acid to speed up the 584 
gassing process.  Note that, one cannot eliminate completely the formation of NOx from 585 
HONO.  Hence, all gassed emulsions always contain a sm ll amount of NOx.  Most of that 586 
NOx remains dissolved in the aqueous phase but a fraction enters the nitrogen bubbles (da 587 
Silva et al., 2006a, b; da Silva et al., 2007), andthen the atmospheric environment.  Figure 4c 588 

















4. Effective operational and technological control measures 592 
 593 
 594 
4.1 Operation guidelines for controlling NOx emission in blasting operations 595 
 596 
The Australian State of Queensland’s Guidance Note 20 (DEEDI, 2011) provides useful 597 
precautionary measures for preventing, controlling and managing the formation of NOx 598 
fumes in open cast mining to minimise the contaminatio  of atmospheric environment.  Note 599 
20 comprises standards for manufacturing, storage tim -limit, selection of proper initiating 600 
devices, better design of mine shots and confinements, as well as appropriate planning and 601 
personnel training.  At present, all major manufacturers of AN explosives offer formulations 602 
that can tolerate wet conditions, usually, with the resistance to these conditions related to the 603 
loading of emulsion in prill/emulsion (heavy ANFO) mixes.  In practice, selection of 604 
appropriate explosive formulation, dewatering of holes prior to loading and minimising the 605 
sleep time prior to the detonation display the most significant impact on preventing the fume 606 
formation (DEEDI, 2011).  Moreover, from a managerial perspective, Note 20 recommends 607 
considerations for establishing fume management zones (FMZ) and determination of blast 608 
exclusion zones (BEZ) that account for effects of meteorological (e.g., wind speed and 609 
direction, temperature, humidity, etc.) and geological conditions.  FMZ represents an area 610 
likely to contain fumes after blast, requiring worke s to remain outside the zone.  For 611 

















4.2 Abatement techniques 615 
 616 
The NOx mitigation technologies employed in post combustion plants (Baukal et al., 2001; 617 
Dvořák et al., 2010; Gómez-García et al., 2005; Hill and Smoot, 2000; Skalska et al., 2010) 618 
do not apply to blasting activities.  This is because: (a) the post-explosion atmospheric 619 
mixture does not yield itself to capturing, scrubbing, treatment and/or reprocessing; (b) AN 620 
exhibits incompatibilities with materials (Table 3) (Bretherick et al., 1999) that could serve 621 
for scavenging NOx.  However, strategic research into NOx abatement led to the development 622 
of the following mitigation technologies: 623 
 624 
Table 3. 625 
 626 
(i) Alkalimetric neutralisation:  One of the earliest studies on tackling the formation of 627 
NOx in blasting operation involved the use of neutralising additives.   Azarkovich 628 
(1995) proposed the addition of inexpensive substances (to AN explosive charges) 629 
that possess the capacity of binding oxides of nitrogen.  The author recommended 630 
additives that are able to react as alkalis, viz., bases and salts of weak acids.  631 
Azarkovich (1995) reported the neutralisation reaction of NO2 occurring in a Dolgov 632 
bomb and an underground chamber, especially for additives such as slaked lime 633 
Ca(OH)2, chalk CaCO3 and soda Na2CO3, uniformly spread into the charge in small 634 
aliquots of 0.1 – 0.2 mass %, or added into sand stemming.  (Stemming denotes the 635 
practice of placing soil, sand or rocks on the explosives in the blast hole.)  Equations 636 
30 – 32 suggest the operation of the additives that reduce NO2 emissions by 40 – 80 637 
%, as monitored by an electromagnetically relayed air sampling vessel (Azarkovich, 638 



























O2 ⇌ 2NaNO3	+	CO2  (32) 
 641 
(ii)  Application of stabilising and scavenging additives:  In the search of enhancing the 642 
stability of AN, Oxley et al. (Oxley et al., 2002) screened a large number of 643 
formulations comprising grounded salt of sodium, potassium, ammonium and calcium 644 
sulfates, phosphates, carbonates, oxalates, formates, urates and guanidinates at about 645 
10 mol %.  The authors revealed that, the more stabilising the additive, the lower the 646 
N2O/N2 ratio, i.e., the more selective N2 formation.  Although Oxley et al. (2002) did 647 
not report measurements of NO and NO2 concentration, the insight into the selectivity 648 
towards N2 suggests NOx reduction.  Opoku and Dlugogorski (2012) and Opoku et al. 649 
(2014) inserted additive (non-ammonium) nitrates into the nanocrystalline structure of 650 
AN, and studied their effect on formation of NOx in deflagration of AN.  The authors 651 
showed that additives, especially potassium nitrate that forms 5 mol % K in the co-652 
recrystallised AN salt, achieve up to 40 % reduction in NO emission. 653 
 654 
(iii)  Reburning-like technique:  In boilers, reburning abates NOx by using a supplementary 655 
fuel to reduce NOx (Wendt et al., 1973), to achieve an overall decrease in NOx 656 
emission of about 50 – 85 %.  Reburning constitutes a three-stage process.  In the first 657 
stage (primary zone), the main fuel burns under slightly fuel-lean condition.  The 658 
produced NOx then reacts with supplementary hydrocarbon radicals in the “reburning 659 
zone” to form intermediate nitrogenous species, and then molecular nitrogen (N2).  660 















process by oxidising all unreacted fuels and N-species (Hill and Smoot, 2000; Smoot 662 
et al., 1998; Oluwoye et al., 2017a).  These interactions involve several elementary 663 
steps summarised in the following overall equation (Smoot et al., 1998). 664 
 665 
	CiHj + NO → HCN +...  (33) 
 666 
In presence of NOx, the HCN decays through a series of intermediates, nd ultimately 667 
reaches N2 via the reverse Zeldovich reaction (Equation 37): 668 
 669 
HCN	+	O	→	NCO	+	H  (34) 
NCO	+	H	→	NH	+	CO  (35) 
NH	+	H →	N	+	H2  (36) 
N	+	NO	→	N2+	O  (37) 
 670 
Many practitioners applied reburning-like technology to reduce NOx emission in 671 
blasting of AN explosives adding supplementary fuel (usually solid) of higher 672 
oxidation stability compared to fuel oil used in AN explosives.  As seen in Figure 6, 673 
the fuel with lower oxidation stability (fuel oil) participates solely in primary 674 
detonation reaction, with the resulting NOx species subsequently reduced to nitrogen.  675 
However, the excess fuel conditions, if they arise in the reburning of detonation-676 
generated NOx, may lead to formation of CO, as shown in Equation 10. 677 
 678 
















Sapko et al. (2002) demonstrated that, the use of pulverised coal dust (mean particle 681 
size of 74 µm), as an additive, mitigates the total NOx emission by 10 – 50 %.  682 
Likewise, biomass briquette and advanced reburning materials such as urea (Smoot et 683 
al., 1998) offer better NOx-mitigation performance (Oxley et al., 2002; Sapko et al., 684 
2002).  Other fuel additives include non-hazardous waste polymers, such as 685 
polyethylene (Oluwoye et al., 2015, 2016, 2017b).  686 
 687 
(iv) Chemical trapping:  Spin traps can provide an effectiv  reduction of the overall 688 
release of nitric oxide in sensitisation (chemical g ssing) of emulsion explosives.  689 
Spin trapping reaction removes radical species, such as NO, by forming stable 690 
adducts.  Venpin et al. exploited the spin-trapping technique to develop NO 691 
scavengers to control NOx emission from industrial processes, including sensitisation 692 
of emulsion explosives (Venpin et al., 2012, 2013a, b).  In their experiments, they 693 
applied aromatic ortho substituted nitroso compounds, such as nitrosobenzene 694 
sulfonate (NBS), 3,5-dibromo-4-nitrosobenzene sulfonate (DBNBS), 3,5-dimethyl-4-695 
nitrosobenzene sulfonate (DMNBS) and 3,5-dichloro-4-nitrosobenzene sulfonate, 696 
obtaining up to 70 % removal efficiency of NO during sensitisation of AN emulsion 697 
blends.  Equations 38 – 40 depict the reaction pathw ys leading to the formation of N2 698 










































(v) Use of alternative oxidising agents:  Even though the AN technologies have been 702 
established for applications in civilian explosives, there exist at least one non-nitrogen 703 
based formulation.  Araos and Onederra (2015) replac d AN with hydrogen peroxide 704 
(H2O2), and used micro balloons, rather than chemical gassing, to avoid NOx 705 
formation both in detonation and in emulsion sensitisation.  Such H2O2/fuel blends 706 
detonate with heat release and velocity of detonati s milar to AN explosives (Araos 707 
and Onederra, 2015; Armstrong et al., 2013; Sheffield et al., 2010), but without NOx 708 
hazards.  The technology requires further testing to verify its large-scale performance.  709 
 710 
Some noteworthy patents include formulating the blasting agent to contain from about 1 % to 711 
about 20 % silicon powder (Granholm, 2003), or appreciable amount of urea in the 712 
discontinuous oxidiser salt phase (Forshey  and Mason, 1973; Granholm and Lawrence, 713 
1997), improved composition of hydrogen peroxide based explosives (Araos, 2013), 714 
application of other nitrogen-free oxidisers (Day, 1999), and appropriate gassing method 715 
(Dlugogorski et al., 2009).  716 
 717 
 718 
















The estimated total NOx emission from civilian application of AN-based explosives amounts 721 
to 5×104 t N per annum.  Although small on a global scale, in comparison with the total 722 
anthropogenic emission of NOx of 41.3×10
6 t N y-1, blasting operations inject plumes of 723 
concentrated NOx (ca 500 ppm) into the atmospheric environment that exceed locally the safe 724 
limits by up to 3000 times.  In comparison to other atmospheric contaminants, i.e., airborne 725 
particles, NOx discharge in open cut mining triggers similar environmental concerns.  726 
Particulate emissions near blasting operation can rise as high as 400 µg m-3, resulting in 727 
health effects due to respiratory deposition (Huertas et al., 2012a; Huertas et al., 2012b; 728 
Aneja et al., 2012; Kurth, 2013).  Moreover, we have identified the possibility of the 729 
formation of secondary pollutants (nitrate aerosols) as a result of atmospheric nitration of the 730 
mineral particles and fugitive dust synchronously present in post-blast fumes.  Development 731 
of new sampling methodologies should include the enviro mental monitoring of such species 732 
from blasting activities.  Lightweight remote-controlled drone-sampling instrumentation 733 
(Zhou et al., 2017), as well as surface sampling, could facilitate the measurements of nitrate 734 
aerosols, particulate matter, as well as other pollutants including supplementary Nr species 735 
(e.g. HNO3, NH3, and N2O), hydrocarbons, nitrogenated analogues (Altarawneh and 736 
Dlugogorski, 2015) of dioxins and secondary contaminants such as peroxyacyl nitrates 737 
(PAN) (Alvarado et al., 2010).  Gas-phase sampling will require development of new 738 
(probably spectroscopic) techniques suitable for installation on drones, as the response of 739 
electrochemical sensors remains too slow for this application.  Understanding the mechanism 740 
of the formation and the survival of pollutants in detonation of heavy AN explosives will 741 
underpin the future mining activities, as will further testing of H2O2 emulsions and bulking 742 
agents, and generating new knowledge on the exact me hanism of deflagration that involves 743 
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Table 1. Field colour chart for visual rating of blast-generat d NOx (AEISG, 2011). 
 
Level Colour Pantone number Typical appearance 
Level 0 
No NOx gas 
 
 
Warm Grey 1C 
(RGB 244, 222, 217) 
 
Level 1 




(RGB 244, 219, 170) 
 
Level 2 




(RGB 237, 160, 79) 
 




































Table 2. Typical composition of AN emulsion explosive.  This type of formulations are 
usually referred to as water-in-oil (W/O) emulsion (Mahadevan, 2013). 
 
Components Percent quantité (%) 
Ammonium nitrate 62 
Sodium nitrate 6 
Sodium perchlorate 5 
Calcium nitrate 8 
Water 11 
Fuel oil (oil phase) 3 
Waxes 2 
Emulsifier 1.2 
Atomised aluminium 0.8 
Gassing agent 1.0 

















Table 3. Selected incompatibility of AN with some chemicals (Bretherick et al., 1999). 
 
Substances Effects on AN 
Powdered metals Most metals react violently or explosively with fused ammonium 
nitrate below 200 °C.  May also sensitise AN to shock. 
Metal oxides Lower the ignition temperature of AN-fuel mixtures. 
Metal sulfides  Lead to runaway reaction, resulting in detonation at temperature 
below 40 °C, if the pH is less than 2. 
Metal nitrite/nitrate Magnesium nitrate may desensitise AN.  Contact of AN with 
potassium nitrite causes incandescence.   
Urea Dehydrated AN mixtures containing 35 – 39 % urea can produce a 
residue capable of deflagration at 240 °C.  The recommended 
processing temperature for such formulation should not exceed 120 
°C. 
Ammonia Free ammonia may either stabilise, or tend to destabilise the AN 
salt depending on the condition. 
Halide salts Promote the thermal decomposition of AN.  Lower the initiation 
temperature sufficiently to give a violent or explosive 
decomposition, i.e., premature spontaneous ignition. 
Acids Mineral acids destabilise AN. Concentrated acetic ac d mixtures 
ignite on warming. 
Organic fuels Increases the heat of combustion.  2 – 4 % of organic fuel are used 


































Figure 2. Annual atmospheric emissions and interactions of NOx.  The data on the rightward figure, 
except for “others”, are extracted from IPCC 2014 (Stocker et al., 2014).  All values are reported in 
Tg N y-1.  Conversion details; 1 Tg = 1012 g or 106 tonnes.  “Others” denotes emission sources with 
unknown global estimates, which may include aircraft (≈ 0.7 Tg N y-1) (Seinfeld and Pandis, 2006), 
oxidation of NH3 (≈ 3.0 Tg N y-1) (Nelson, 2006) and dispersed use of nitrate explosives (estimated 




















Figure 3. Effect of oxygen balance (a) and percent fuel oil (b) on NOx formation from 
different ANFO blends, and the influence of water content (c) on NOx emission from 94/6 
ANFO.  Digitised data are sourced from Rowland and Mainiero’s study (Rowland and 
Mainiero, 2000).  NOx concentrations are recorded in (L at STP) (kg bulk explosive)
















Figure 4. (a) NOx formation by interactions of fuel content of AN blasting agents during 
stoichiometrically unbalanced detonation.  Deficieny of fuel results in positive oxygen 
balance.  (b) Mechanism of NOx formation as a result of N transformation in AN deflagration 
during blasting of bulk explosive mixtures.  (c) NOx formation during chemical gassing of 
emulsion explosives.  Boxes denote the reactants and the dash-line circles the NOx products.  

















Figure 5.  Impact of heating rate on nitrogen selectivity among gas-phase products.  The 
calculations were done by performing temperature-programmed decomposition of 1 mg AN 
(pressure 1 atm, initial temperature 27 °C, bath gas helium, inlet volumetric flow rate 200 
standard cm3 min−1).  The temperature reached at 50 % AN conversion (T50) is represented by 
a supplementary horizontal axis.  Reproduced with permission from Skarlis et al., 2014.  


















Figure 6. Conceptual schematic of the application of reburning-l ke method during blasting.  
The arrows indicate the direction of oxidation.  Atmospheric O2 completes the process by 








































• NOx forms in unbalanced blasting, deflagration and sensitisation of mining explosives 
• Atmospheric emission of NOx from mining explosives amounts to 50 000 t pa 
• New technologies can mitigate atmospheric emission of NOx from mining explosives 
• Research needs include source measurement, sampling techniques and new formulations 
 
